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■ Figura 13.2 - Cellule dell'immunità innota, pattern recognition receptors (PRR) e pathogen associate molecular 
patterns (PAMP). Le cellule dell'immunità innata riconoscono i patogeni tramite "pattern recognition receptors". Il 
riconoscimento da parte delle cellule dell'immunità innata (macrofagi, Mo; cellule dendritiche, DC; leucociti 
polimorfonucleati, PMN) dei patogeni grazie ai pattern recognition receptors (PRR). 

I PRR riconoscono pattern associated molecular patterns (PAMP), portate da strutture molecolari diverse. I 
recettori non sono distribuiti in modo clonale, essi sono cioè espressi contemporaneamente da più cellule, e 
ciascuno di esse di regola riconosce molecole diverse. Il riconoscimento porta all'attivazione di meccanismi 
microbicidi, alla messa in movimento della cascata delle citochine infiammatorie, nonché all'attivazione e 
orientamento dell'immunità specifica o adattativa. 
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The different steps of the response against microbial pathogens. During the infectious process, pathogens are detected by the humoral 
components (i.e. complement system and naturai antibodies). In addition, leukocytes recognize pathogen- associated molecular patterns 
(PAMPs), initiating the immune response. Phagocytosis is increased, anti-microbial peptides are produced and cytokines are secreted. 
These latter molecules cause a systemic response, acting on leukocytes, endothelium, bone marrow, centrai nervous system and liver. 



RICONOSCIMENTO AGENTI PATOGENI da parte 
delle cellule dell' immunita' innata 
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TABLE 4-2 


Examples of PAMPs 




Pathogen-Associated Molecular Patterns 


Microbe Type 


Nucleic acids 


ssRNA 


Virus 




dsRNA 


Virus 




CpG 


Virus, bacteria 


Proteins 


Pilin 


Bacteria 




Flagellili 


Bacteria 


Celi wall lipids 


LPS 


Gram-negative bacteria 




Lipoteichoic acid 


Gram-positive bacteria 


Carbohydrates 


Mannari 


Fungi, bacteria 




Dectin glucans 


Fungi 



Pattern recognition Receptors (PRRs) 



I PRRs posseggono caratteristiche comuni: 

> I PRRs riconoscono componenti microbiche, conosciute come PAMPs 
(pathogen associateci molecular patterns), che sono essenziali per la 
sopravvivenza del microrganismo e che quindi non possono essere 
mutate per evadere la difesa immunitaria 

> I PRRs sono espressi costitutivamente nell' ospite e riconoscono i 
patogeni indipendentemente dal punto nel ciclo vitale in cui si 
trovano. 

> I PRRs sono già presenti nelle linee germinali, non sono clonali e 
sono indipendenti dalla memoria immunologica. PRRs diversi 
riconoscono PAMPs specifici, mostrano patterns di espressione 
distinti, attivano specifici pathways di segnale, e portano a 
meccanismi di difesa differenti. 
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FIG. 15.2. Innate Immune Sensors. Several classes of innate immune sensors have been found. Soluble factors such as 
pentraxins and mannoan-binding lectins bind pathogen structures and promote phagocytosis. Toll-like receptors (TLRs) sense 
bacteria, fungi, and protozoans from the plasma membrane, whereas endosomal TLRs sense microbially derived nucleic 
acids. C-type lectin receptors sense fungal celi wall components and mycobacteria. In the cytosol nucleotide oligomerization 
domain-like receptors sense microbial produets and also, in the case, of Nlrp3 particles such as urie acid and IAPP. Retinoic 
acid-inducible gene I — like receptor sense virai ribonucleic acid, whereas AIM-2-like receptors sense microbial deoxyribo- 
nucleic acid. Ali lead to signaling pathways culminating in the induction of immune and inflammatory genes. 



TABLE I. PRRs, PAMPs, and the signaling pathways they activate 



PRRs 



PAMPs 



Signaling pathway activated 



TLRs 1 


TLR1-TLR2 


Triacylated lipopeptide 


MyD88-dependent activation of NF-kB 


TLR2-TLR6 


Diacylated lipopeptide 


MyD88-dependent activation of NF-kB 


TLR4 


LPS 


MyD88-dependent activation of NF-kB and TRIF-dependei 
activation of NF-kB and IRF3 


TLR3 


Poly(I:C) 


TRIF-dependent activation of NF-kB and IRF3 


TLR7 


ssRNA 


MyD88-dependent activation of NF-kB and IRFs 


TLR9 


CpG-DNA 


MyD88-dependent activation of NF-kB and IRFs 


RLRs 


RIG-I 


Paramyxoviridae, short blunt dsRNA hearing a 5' triphosphate 


IPS-l-dependent activation of NF-kB and IRFs and 




(<50 bp), 24 and short poly(I:C) «300 bp) 23 


inflammasome activation 


MDA5 


Picornaviridae, long dsRNA, and long poly(I:C) 


IPS-l-dependent activation of NF-kB and IRFs 


LGP2 


? 


Positively regulating RLR signaling 


NLRs 25 


NOD2 


Muramyl dipeptide 


RlP2-dependent activation of NF-kB 


NALP3 


Urie acid crystal, silica, asbestos, hemozoin, zymosan, 
C albicans, influenza virus, L monocytogenes, S aureus 


Inflammasome activation 


IPAF 


Flagellin, Salmonella typhimuriwn, Legionella pneumophila, 
Shigella flexneri 


Inflammasome activation 


AIM2 


dsDNA 


Inflammasome activation 


CLRs 30 


Mi ne le 


SAP 130 nuclear proteina 1 Malassezia species," trehalose 
dimycolate 29 


Syk-dependent signaling 


Clec9a/DNGR-1 


Necrotic cells 27 


Syk-dependent signaling 



TABLE 4-3 Pattern Recognition Molecules of the Innate Immune System 

Specìfic Examples 



Cell-Associated Pattern 
Recognition Receptors 



Location 



PAMP/DAMP Ligands 



Toll-like receptors (TLRs) 




Plasma membrane and endosomal 
membranes of dendritic cells, 
phagocytes, B cells endothelial 
cells, and many other celi types 



TLRs 1-9 



Various microbial molecules 
including bacterial LPS and 
peptidoglycans, virai nucleic 
acids 



NOD-like receptors (NLRs) 

ooc 




Cytoplasm of phagocytes epithelial 
cells, and other cells 



N0D1/2 
NALP family 
(inflammasomes) 



Bacterial celi wall peptidoglycans 
Flagellili, muramyl dipeptide, LPS; 

urate crystals; products of 

damaged cells 



RIG-like receptors (RLRs) 



Cytoplasm of phagocytes and other RIG-1, MDA-5 
cells 



Virai RNA 



C-type lei un 

CLRs 


MR 


Ligands hearing man no se, fuco se, or N-acetyl 
glucosamine; lysosomal hydrolases, 
thyr og lobuli n, tingi, viruses 


MQ,DC, endothelial celi 


DC-SGN 


MaimoseoUgosaccharides; IC\M-2/3, HIV 
gpl 20, MTB ManL AM 


Alveolar MQ, DC 


Dectin-1 


(3-glucans freni fungi, unidentitied ligand(s) 
on T cells 


DC, MQ, neutrophil, certainT celi 


Scavenger receptors 


SRA 


Modi lied LDL, apoptotic cells, unidentitied 
protein(s) from Nessseria 


MQ, DQ endothelial celi 


CD36 


oxLDL, apoptotic cells, diacyl lipids from 
bacteria 


MQ, platelet, endothelial ceU 


MARCO 


Modified LDL, gram-positive and -negative 
bacteria, unidentitied ligand(s)on B cells 


MQ, DC 



BIOLOGICA!. 
FLUIDS 



8 C1q 



-I Ficolins 

^£ Collectins 
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6 




Short and long 
pentraxins 
(CRP, SAP, PTX3) 



C-type 
FcyR lectin 



SR Integrin 



f È 



Ifffl 

I 



y ii 



Endosome/ 
phagosome 



CYTOPLASM 



CpG DNA, 
virai ssRNA, 
dsRNA 
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Lysosomal 
damage 
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(inflammasome) 
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NOD-like R 
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AIM2 
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TABLE 4-3 Pattern Recognition Molecules of the Innate Immune System 



Soluble Recognition Molecules 


Location 


Specific Examples 


PAMP Ligands 


Pentraxins 


Plasma 


C-reactive protein 


Microbial phosphorylcholine and 
phosphatidylethanolamine 


Collectins 


Plasma 
Alveoli 


Mannose-binding lectin 

Surfactant proteins 
SP-A and SP-D 


Carbohydrates with terminal 

mannn^p and fnirtn^p 

MIuMMUOC GNU MUUlUoC 

Various microbial structures 


Ficolins 
Éfe 

sfa 


Plasma 


Ficolin 


A/-Acetylglucosamine and 

linntpirhnir ariti rnmnnnpnt^ nf 

the celi walls of gram-positive 
bacteria 


Complement 
ÉÈ 

-Tv 


Plasma 


C3 


Microbial surfaces 


Naturai antibodies 


Plasma 


IgM 


Phosphorylcholine on bacterial 
membranes and apoptotic celi 
membranes 



I vertebrati sono costantemente minacciati da attacchi microbici ed 
hanno evoluto sistemi di difesa immunitaria per eliminare patogeni 
infettivi presenti nell'organismo. 




Immunità innata 



Mediata dai fagociti 

Riconoscono i microrganismi 
attraverso un limitato numero di 
pattern-recognition receptors 
(PRRs). 




Aspecifica 




Immunità acquisita 
Mediata dai linfociti 



Generano recettori antigene 
specifici attraverso un meccanismo 
denominato "riarrangiamento". 





Specifica 



TABLE 4-1 Specificity of Innate and Adaptive Immunity 

Innate Immunity 



Adaptive Immunity 



Specificity 



For structures shared by classes of microbes (pathogen- 
associated molecular patterns) 



Different 
microbes 



Identical 

mannose 

receptors 




For structural detail of microbial molecules (antigens); may 
recognize nonmicrobial antigens 

Different 
microbes- 



Distincfi ^ 
antibody 
molecules 




Receptors 



Encoded in germline; limited diversity (pattern recognition 
receptors) 



Encoded by genes produced by somatic recombination of 
gene segments; greater diversity 





4r ^ 



Toll-like' 
receptor 



meSvI Mannose Scavenger 
ScepTor rece P tor rece P tor 




Distribution of 
receptors 



Nonclonal: identical receptors on ali cells of the same lineage 



Clonai: clones of lymphocytes with distinct specificities 
express different receptors 



Discrimination of self Yes; healthy host cells are not recognized or they may 
and non-self express molecules that prevent innate immune reactions 



Yes; based on elimination or inactivation of self-reactive 
lymphocytes; may be imperfect (giving rise to 
autoimmunity) 



Table 1. Agonists of mouse and human Toll-like receptors 



TLR 


Ligand 


1/2 


Triacyl lipopeptides 


2/6 


Diacyl lipopeptides 


3 


dsRNA 


4 


Lipopolysaccharide 


5 


Flagellin 


7 


ssRNA 


8 


ssRNA in humans; unclear in mice 


9 


CpG DNA, malaria] hemozoin 


10 a 


Unknown 


ll b 


Uropathogenic batteria, Toxoplasma gondii 




profilin-like protein 


12 b 


Unknown 


l3 b 


Unknown 



a Expressed only in humans. 
b Expressed only in mice. 



PAMPs recognized by TLRs and their adaptors 



Hemagglutinin 
protein (Measles 
virus) 

Glycosylphosphophatidyl- 
Inositol mucin 
(Trypanosoma) 

Phospholipomannan 
(Candida albicans) 



Lipoarabinomannan 
(Mycobacteria) 



LPS 
(Gram negative 
bacteria) 



Peptidoglycan 
(Gram positive 
bacteria) 

Porins 
{Neisseha) 



Mannan 
{Candida albicans) 



Glycoinositolphospholipids 
(Trypanosoma) 

Envelope proteins 
(RSV, MMTV) 



Triacyl lipopeptides 
(Bacteria and 
mycobacteria) 



Zymosan 
(Saccharomyces 
cerevisiae) 

Lipoteichoic acid 
(Streptococcus) 

Diacyl lipopeptides 
(Mycoplasma) 



Flagellili 
(Flagellated 
bacteria) 



Uropathogenic 
bacteria 

Profillin like 

molecule 
(Toxoplasma 
gondii) 



TIRAP 
MyD88 



y*TLR2 UTLR4 

TIRAP -1 -TRAM 
MyD88 1 ™ J 3TRIF 



*P J| TIRAP ì TR 

|r «-irvi 



TIRAP J 
MyD88 J $ 



y^TLR1/2 



.TIRAP 
JìMyD88 
B f 



TIRAP 
MyD88 



^TLR6/2 ^TLR5 

i ! i T, , RAP ! i 

1 # jMyD88 " f MyD88 



(TLR11 



■MyD88 




Endosome 

HSV and MCMV 
(dsDNA virus) 
CpG-DNA motifs 
(Bacteria and Virus) 
Hemozoin 
(Plasmodium) 

/TLR9 



t 



MyD88 




MyD88 



Cytoplasm 




Table 1 Ligands fot the Toll-like receptors (TLRs) 



TLRs 


Ligands 


Origin of ligands 


TLR1/2 


Triacyl lipopeptides (Pini] CSK4) 


Bacteria, mycobacteria 




Soluble factors 


Neisseria meniti gitides 


OspA 


Borrelia burgdorferi 


Porin Pari 


Neisseria meniti gitidis 


TLR2 


Lipoprotein/lipopeptides 


A variety of pathogens 




Diacyl lipopeptides (Pam?CSK4 and MALP2SK4) 


Synthetic ligands 


Peptidoglycan 


Gram-positive bacteria (not accessible in 
gram negative) 


Lipoteichoic acid 


Gram-positive bacteria 


Lipoarabinomannan 


Mycobacteria 


A phenol-soluble modulin 


Stapbylocoacus epidermidi 


Glycoinositolphospholipids 


Trypanosoma cruzs 


Gtycolipids 


Treponema maltopbilum 


Porins 


Neisseria meniti gitidis 


Zymosan 


Fungi 


Atypical LPS 


Leptospira mterrogam 


Atypical LPS 


Porphyromonas gingia alis 


Hsp70 


Host 


Hyaluronan 


Host 


Hemagglutinin 


Measles virus 


TLR3 


Polya-Q dsRNA 


Virus 



TLR4 


LPS 


Gram-negative bacteria 




Flavolipin 


FbnwbactrrMtN meningosepticum 




ER-112022, E5564, E55 J 1 


Syntheùc compounds 




Txxol 


Plant 




Fusion protein 


Respiratory syncytial virus 




Envelope proteins 


Mouse mammary tumor virus 




HspòO 


Cblamydia pneumoniae 




HspóO 


Host 




Hsp70 


Host 




Type IH repeat extra domain A of tìbronectin 


Host 




Oligosaccharides of hyaluronic acid 


Host 




Polysaccharide fragments of heparan sul fate 


Host 




Fibrinogen 


Host 




aAcrystallinandHSPBS 


Host(recombinant E. faf/-produced proteins) 


TLR3 


Flagellin 


Bacteria 


TLR6/2 


Diacyl lipopeptides 


Mycoplasma 


TLR" 


Imidazoquinolines (imiquimod, R-848) 


Synthetic compounds 




Bropiriniine 


Synthetic compounds 




^Tuiinusinc anaiocjs 


,>yntnetic compounus 


TLR8 


R-848 


Synthetic compounds 


TLR9 


Unmethylated CpG DNA 


Bacteria, virus, yeast, insects 




Chromatin-IgG complexes 


Host 









Table 1 1 Examples of pathogens expressing ligands for multiple TLRs 



Pathogen 


ioii-UKe receptor \ i 


TI R 1 i n a n ri 
1 Ll\ IKJcilKJ 


Mycobacteriun\ 


TI R? 
1 LKZ 


Lipoarabinomannan 


tuberculosis 


TI Da 
1 LK4 


Phosphatidylinositol mannosides 




TI RQ 
1 Ll\y 


L'INA 


Salmonclla 


TI R? 
1 LKZ 


Bacterial lipoprotein 


typhimurium 


TI D/l 

1 LK4 


Lipopolysaccharide 




TI De 
1 LKD 


Flagellin 


Neisseria 


TI R? 
1 LKZ 


Porin 


meningitidis 


TI RA 
1 LK4 


Lipopolysaccharide 




TI RQ 

i i_i\y 


HMA 
L'INA 


Haemophilus 


TI R? 
1 LKZ 


Lipoprotein 


influenzae 


TI RA 
1 LK4 


Lipopolysaccharide 


Candida 
albicans 


TI R? 
1 LKZ 


Phospholipomannan 


TI RA 
1 LK4 


Mannan 




TI RQ 
1 LKy 


HMA 
L'INA 


Murine 


TI R? 
1 LKZ 


Virai protein 


cytomegalovirus 


ti dt 
1 LK3 


Uouuie-stranaea kina 




TI RQ 
1 LKy 


HMA 
L'INA 


Herpes 


TI R? 
1 LKZ 


Virai protein 


simplex virus 


TI Dq 
1 LK3 


r , , 1 1 . +- . , - 1 - 1 DMA 

Doublé- strana ed kina 




TI RQ 
1 LKy 


HMA 
L'INA 


Influenza virus 


TLR7JLR8 


Single-stranded RNA 




TLR3 


Double-stranded RNA 




TLR4 


Not determined 


Respiratory 


TLR3 


Double-stranded RNA 


syncytial virus 


TLR4 


Envelope F protein 


Trypanosoma 


TLR2 


Glycosylphosphatidylinositol anchor 


cruzi 


TLR4 


Clycoinositolphospholipid-ceramides 




TLR9 


DNA 


Toxoplasma 


TLR2 


Glycosylphosphatidylinositol anchor? 


gondii 


TLR11 


Profìlin 



Table 1 










TLR 










TLR 


Localization 


Expression 


Ligand 


Origin of Ligand 


TLR1 


Plasma membrane 


MOs, MPs, B cells, Tcells, DCs, PMN, 
nonimmune cells a 


Triacetylated lipopeptides, porins 


Bacteria 


TLR2 


Plasma membrane 


MOs, MPs, DCs, PMN, nonimmune cells a 


Zymosan 
Peptidoglycans 
Lipoteichoic acids 
Lipoarabinomannan 
Porins 

Envelope glycoproteins 


Fungi 

Gram-positive bacteria 
Gram-positive bacteria 
Mycob arteria 
Neisseria 

Viruses (eg, measles, HSV, CMV) 


TLR3 


Endosome 


DCs, MPs, mast cells, NK cells, 
nonimmune cells 3 


dsRNA 


Viruses 


TLR4 


Plasma membrane 


MOs, MPs, DCs, PMN, nonimmune cells a 


LPS 

Lipoprotein 

Hsp60, Hsp70, HMGB1 

Fusion protein 


Gram-negative bacteria 
Many pathogens 
Chlamydia pneumoniae 
RSV 


TLR5 


Plasma membrane 


MOs, MPs, Tcells, DCs, PMN, 
nonimmune cells a 


Flagellin 


Flagellated Bacteria 


TLR6 


Plasma membrane 


MOs, MPs, B cells, Tcells, DCs, PMN, 
NK cells, nonimmune cells 3 


Diacyl lipopeptides, 
Lipoteichoic acid 


Mycoplasma 
Gram-positive bacteria 


TLR7 


Endolysosome 


B cells, plasmacytoid DCs 


ssRNA, purine analogue compounds 
(imidazoquinolines) 


Viruses, bacteria from group B 
streptococcus 


TLR8 


Endolysosome 


MOs, myeloid DCs 


ssRNA, purine analogue compounds 
(imidazoquinolines) 


Viruses 


TLR9 


Endolysosome 


B cells, plasmacytoid DCs, Gl epithelial 
cells, Keratinocytes 


CpG DNA, DNAcontaining 
immunocomplexes 


Bacteria, viruses (eg, HSV, CMV), 
protozoa 


TLR 10 


Endolysosome 


B cells, plasmacytoid DCs 


Unknown 


Unknown 



Abbreviations: CMV, cytomegalovirus; DCs, dendritic cells; Gl, gastrointestinal; HSV, herpes simplex virus; MOs, monocytes; MPs, macrophages; PMN, polymorpho- 
nuclear leukocytes. 

* Nonimmune cells: astrocytes, fibroblasts, keratinocytes, endothelial, and epithelial cells. 




LPS-O 

LBP-c^ 
CD14 ° 



Zymosan 



LTA, 

diacylated 
lipopeptides 




Amyloid-p, 
oxLDL 





DNA delivery 

HMGB1, HMGB2, 
CD14, granulin, 
LL37 



RNA delivery 

HMGB1, 
HMGB3, 
CD14. LL37 




TLR9 TLR3 orTLR7 

Figure 1 | Accessory molecules mediate ligand binding and delivery to surface and endosomal TLRs. 

The Toll-like receptor 2 (TLR2)-TLR6 heterodimer uses CD14 to respond to zymosan and both CD14 and CD36 to respond 
to lipoteichoic acid (LTA) and diacylated lipopeptides. LPS-binding protein (LBP) binds to lipopolysaccharide (LPS) and 
presents it to CD14, which is required forTIR domain-containing adaptor protein inducing IFN(3 (TRIF)-dependent 
signalling in response to LPS and, at low doses of LPS, for myeloid differentiation primary-response protein 88 
(MYD88)-dependent signalling. MD2 is necessary forTLR4 to bind to LPS and homodimerize. CD36 is needed for the 
TLR4-TLR6 heterodimer to respond to the altered self components amyloid-(3 and oxidized low-density lipoprotein 
(oxLDL). Endosomal TLRs also usecofactors for nucleic acid delivery. CD14 and high-mobility group box(HMGB) proteins 
bind to double-stranded RNA, single-stranded RNA and DNA, and mediate the delivery of these nucleic acids to TLR3, 
TLR7 and TLR9, respectively. LL37 binds to both RNA and DNA and delivers them to TLR7 and TLR8 (in the case of RNA) 
orTLR9 (for DNA). Granulin binds only to DNA and mediates DNA delivery toTLR9. Signalling fromTLRs culminates in 
the activation of transcription factors — namely, activator protein 1, nuclear factor-KB and interferon-regulatory factors 
— and the production of pro-inflammatory cytokines and type I interferons (not shown). 




Table 2 | Accessory molecules for TLR f unction 
Name Protein domain structure 

Mediators of ligand delivery and/or recognition 
LBP (BPÌl)—(BPÌ2) 

MD2 ("mT ) 
CD36 



TRIL 




Localization 

Secreted 

Plasma membrane 
Plasma membrane, Golgi 



Secreted, plasma 
membrane (CPI-linked), 
endolysosomes 

Plasma membrane, early 
endosomes 



Interacting TLR Interacting ligand 



Progranulin 



B^EXlKAKcKgKD 

Granuliti 
domain 



Secreted, 
endolysosomes 



HMGB1 



LL37 



(HMG box A} — (HMG boxBX Acidic tail) be secreted following 

TLR ligation 



Amphipathic helix-bend-helix 



Nucleus, cytoplasm, can 
be secreted follow 
TLR ligation 

Early endosomes 



Chapevones 



G R P94 ^TP-binding\/1ChargedY_/t)imerizatior^ 
Vdomain J V^ domain y \domain J 

PRAT4A 



CSaposin "~\ 
B-type J 



ER 
ER 



Molecules that facilitate the tiafficking of endosomal TLRs 



UNC93B1 



AP3 




TLR-processing enzymes 
Cathepsins 



AEP 



( PeptidaseCl ) 
(PeptidaseCl3) 



ER, endolysosomes 



TGN, endolysosomes, 
LROs 



Endosomes, lysosomes 



Endosomes, lysosomes 



None demonstrated 
TLR4 

TLR2.TLR4.TLR6 



TLR2,TLR3,TLR4, 
TLR7.TLR8.TLR9 



TLR3.TLR4 



LPS 
LPS 

FSL1, LTA, oxLDL, 
amyloid-(3 fibrils 



LPS, peptidoglycan, 
Pam 3 CSK 4 , polyl:C,CpG 
DNA 

LPS 



TLR9 CpG-A,CpG-B,CpG-C 
and inhibitoryODNs 

TLR9, possibly TLR3 CpG-A ODNs, CpG-B 



and TLR7 



Possibly TLR7 and 
TLR9 



ODNs, DNA, RNA 



Mammalian DNA, 
mammalian RNA 



TLR1, TLR2, TLR4, None demonstrated 
TLR9 



TLR1.TLR2.TLR4, None demonstrated 
TLR9 



TLR3, TLR7, TLR8, None demonstrated 
TLR9.TLR13 



TLR9 



None demonstrated 



TLR9, possibly TLR3 None demonstrated 
andTLR7 



TLR9, possibly TLR3 
andTLR7 



None demonstrated 



Refs 



12 

19-21 

23,26, 
99-101 



14,23,29-31, 
102,103 



48,49,53 



58,60,62,64 
64-67 



68,70,71 



79,80,84 



AEP, asparagine endopeptidase; AP3, adaptor protein 3; BPIl, BPI/LBP/CETP N-terminal domain; BPI2, BPI/LBP/CETP C-terminal domain; ER, endoplasmic reticulum; 
FSLl, S-(2,3-bispalmitoyloxypropyl)-CGDPKHSPKSF; GPI, glycosylphosphatidylinositol; GRP94, glucose-regulated protein of 94 kDa; HMGBl, high-mobility group 
box 1 protein; LBP, LPS-binding protein; LPS, lipopolysaccharide; LRO, lysosome-related organelle; LRR, leucine-rich repeat; LRRCT, LRR C-terminal domain; 
LRRNT, LRR N-terminal domain; LTA, lipoteichoic acid; ML, MD2-related lipid-recognition domain; ODN, oligodeoxynucleotide; oxLDL, oxidized low-density 
lipoprotein; polyhC, polyinosinic-polycytidylic acid; PRAT4A, protein associated with TLR4 A; TGN, trans-Golgi network; TLR, Toll-like receptor; TRIL, TLR4 
interactor with leucine-rich repeats; UNC93B1, uncoordinated 93 homolog Bl. 
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■ Figura 13.6 - Evoluzione dei recettori "Toll-like" (TLR). 

I recettori TLR sono conservati nell'evoluzione dalle piante all'uomo nella porzione corrispondente al dominio TIR (Toll/IL-1 
receptors). Questo dominio, in tutte le specie, attiva una cascata di eventi che porta all'attivazione dei meccanismi di 
resistenza innata. La cascata di trasduzione del segnale attivata dai membri della famiglia TLR/IL-1 è innescata da una 
molecola adattatrice chiamata MyD88. Il recettore Toll è stato scoperto nel moscerino della frutta [Drosophila 
melanogaster) come gene importante nella specificazione dell'orientamento dorso-ventrale dell'insetto, e soprattutto, 
come molecola fondamentale per la resistenza nei confronti di funghi. Il dominio TIR è condiviso dai recettori della 
famiglia del recettore di IL-1, in cui è stato originariamente scoperto. IL-1 e molecole relate sono citochine infiammatorie 
primarie di importanza fondamentale in una varietà di processi fisiopatologici. 
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FIG. 15.3 Protein Domains in Innate and Adaptive Immunity. 
Three protein domains occur in several immune system 
proteins. The leucine-rich repeat occurs in toll-like recep- 
tors in vertebrates and ali multicellular organisms combing 
with the toll-IL-1 receptor-resistance (TIR) domain. The 
leucine-rich repeat also forms the basis of the repertoire of 
variable lymphocyte receptors in the hagfish. The immuno- 
globulin domain only occurs in vertebrates and is found in 
antibodies and T-cell receptors. However, it also combines 
with the TIR domain to form interleukin-1 receptor family 
members. 
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Regulation of T H celi development by TLRs on APCs. Through the recognition of pathogens or their products, TLRs can 
induce the production of cytokines such as IL-12 and IL-18 in APCs. These cytokines function as "instructive" cytokines and 
drive naive T cells to differentiate into T H 1 cells. Pathogens are also captured in multiple ways, including phagocytosis, 
endocytosis or via TLRs themselves. Captured pathogens are then processed and presented to T cells as major 
histocompatibility complex-antigen. For expansion of antigen-specific T celi clones, antigen presentation requires 
concomitant up-regulated expression of costimulatory molecules on the celi surface of APCs. This up-regulation is also 
triggered by TLR signaling. TLR-stimulated APCs mainly induce T H 1 development. It remains unclear at present whether 
TLRs in APCs are involved in T H 2 development. 
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Generally, TLR stimulation by cognate ligands, the pro-inflammatory response genes including cytokines such as TNF, IL-6, IL-12 and 
co-stimulatory molecules are induced via MyD88-dependent activation of NF-B and MAP kinases. 
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Fig.2. TLRsignaling pathways. Lipopolysaccharide (LPS) binds to the CD14 molecule present 
on phagocyte surface. Then, the LPS-CD14 complex associates to TLR4 for the subsequent 
intracellular signaling. The lipopolysaccharide-binding protein is a circulating protein that 
binds to LPS in the blood or extracellular fluid forming a complex that facilitates LPS binding 
to CD14. The MyD88-dependent signaling pathway is responsible for the early phase NF-kB 
and mitogen-activated protein kinases activation, which control the induction of proinflam- 
matory cytokines. 
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Figure 2. Signaling by TLR4. (A) Domain structure of human TLR4. (B) Binding of LPS to TLR4 and the coreceptor 
MD2 triggers interactions between the cytoplasmic TIR domain of TLR4 and TIR-containing adaptor proteins 
(Mal, MyD88, and TRAM). MyD88 binds IRAK4, which requires its kinase activity to bind the kinases IRAK1 
and IRAK2 sequentially. The MyD88-IRAK complex also engages the ubiquitin ligase TRAF6 to make polyubiqui- 
tin chains that adivate the IKK complex for NF-kB- and ERK-dependent gene transcription. Ubiquitin ligases 
cIAPl and cIAP2 recruited to the TLR4 signaling complex regulate translocation of a subset of signaling components 
to the cytoplasm, where TAK1 activation initiates a MAPK cascade that stimulates gene expression. TLR4 activated at 
the plasma membrane is endocytosed but can signal within the endosomal compartment via the adaptors TRAM 
and TRIF. The kinase and ubiquitin ligase combination of RIP1 and Pelil interacts with TRIF to signal NF-kB acti- 
vation, whereas TBK1 and TRAF3 stimulate IRF3-dependent transcription. (C) Functional outputs of some of the 
genes upregulated by TLR4 signaling. 
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TLR4 signalling: MyD88-dependent 
and -independent pathways. 
Stimulation of Toll-like receptor 4 
(TLR4) facilitates the activation of 
two pathways: the MyD88 (myeloid 
differentiation primary-response 
protein 88)-dependent and MyD88- 
independent pathways. The MyD88- 
dependent pathway involves the early 
phase of nuclear factor-kappaB (NF- 
kappaB) activation, which leads to the 
production of inflammatory 
cytokines. The MyD88-independent 
pathway activates interferon (IFN)- 
regulatory factor (IRF3) and involves 
the late phase of NF-kappaB 
activation, both of which lead to the 
production of IFN-beta and the 
expression of IFN-inducible genes. 
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TLR4 signalling: MyD88-dependent 
and -independent pathways. 
Stimulation of Toll-like receptor 4 
(TLR4) facilitates the activation of 
two pathways: the MyD88 (myeloid 
differentiation primary-response 
protein 88)-dependent and MyD88- 
independent pathways. The MyD88- 
dependent pathway involves the early 
phase of nuclear factor-kappaB (NF- 
kappaB) activation, which leads to the 
production of inflammatory 
cytokines. The MyD88-independent 
pathway activates interferon (IFN)- 
regulatory factor (IRF3) and involves 
the late phase of NF-kappaB 
activation, both of which lead to the 
production of IFN-beta and the 
expression of IFN-inducible genes. 
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Conservation of Innate Immunity across Species 
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Human 



Fruit Fly 



Plant 



Receptor (TIR domain) 
Adapter protein (TIR domain) 
Non-RD kinase 
RD kinase 
Ankyrin repeat 



Toll-like receptors 
MyD88, Mal, Trif, Tram 
IRAK-1 
IRAK-4 

IkappaB NF-kB 



Toll 

dMyD88 
Pelle 

Cactus Relish 



Tobacco: N protein Flax: L6 

Rice: XA21 
Arabidopsis: BIK1 
Rice: NH 



RD, ???; TIR, toll-IL-1 receptor-resistance. 

Notes: Each receptor senses microbial products and activates the adapters and kinases indicated. Human and insects have the NF-kB family transcription factors on these 
pathways. Plants lack NF-kB but have other transcription factors such as the WRKY family. 





Figure 3 | TLR4 signal transduction from the celi surface, endosomes and phagosomes. Toll-like receptor 4 (TLR4) 
signals via the adaptor protein myeloid differentiation primary-response protein 88 (MYD88) at the celi surface and via 
TIR-domain-containing adaptor protein inducing IFN(3 (TRIF) from intracellular compartments. The recruitment of TLR4 
for TRIF-mediated signalling is differentially regulated when cells endocytose soluble lipopolysaccharide (LPS) and 
phagocytose LPS-containing bacteria. IFN(3, interferon-(3; TNF, tumour necrosis factor. 
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Figure 1 PAMP recognition 
by celi surface TLRs. TLR4 in 
complexwith MD2 engages LPS. 
Five of the six lipid chains of LPS 
bind MD2 and the remaini ng 
lipid chain associates with TLR4. 
The formation of a receptor 
multimer composed of two copies 
of the TLR4-MD2-LPS complex 
initially transmits signals for the 
early-phase activation of NF-kB 
by recruiting the TIR domain- 
containing adaptors TIRAP (Mal) 
and MyD88 (MyD88-dependent 
pathway). The TLR4-MD2-LPS 
complex is then internalized and 
retai ned in the endosome, where 
it triggers signal transduction 
by recruiting TRAM and TRIF, 
which leads to the activation of 
IRF3 and late-phase NF-kB for 
the induction of type I interferon 
(TRIF-dependent pathway). 
Both early- and late-phase 
activation of NF-kB is required 
for the induction of inflammatory 
cytokines. TLR2-TLR1 and 
TLR2-TLR6 heterodimers 

recognize triacylated and diacylated lipopeptide, respectively. Two of the three lipid chains of the triacylated lipopeptide interact with TLR2, and the third 
chain binds the hydrophobic channel of TLR1 (absent from TLR6). TLR2-TLR1 and TLR2-TLR6 induce NF-kB activation through recruitment of TIRAP and 
MyD88. TLR5 recognizes flagellin and activates NF-kB through MyD88. 
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